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Abstract The aim of this study was to determine the suitabil-
ity of beet molasses, an agro-industrial by-product, as an al-
ternative culture medium component for photoheterotrophic
and mixotrophic cultivation of Parachlorella kessleri.
Application of beet molasses improvedmicroalgal cell growth
and modified the biochemical composition of P. kessleri bio-
mass. During the addition of molasses to culture media with
simultaneous aeration, the maximum biomass productivity, oil
and protein productivity, and calorific value were
0.42 g L−1 day−1, 112.56 and 244.95 mg L−1 day−1, and
22.1 MJ kg−1, respectively. Under these conditions, the total
content of polyunsaturated C16-C18 fatty acids decreased,
which was suitable for application in biodiesel. Besides oils
and carbohydrates, P. kessleri had an ability to synthesize
significant amounts of proteins, especially during molasses
utilization. This provides a possibility of a wide range of
non-fuel applications of P. kessleri biomass.
Keywords Beet molasses . Biodiesel . Calorific value .
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Introduction
Algal biofuels have been considered as one of the most prom-
ising options to provide global energy needs. However, algal
technology has yet to overcome the cost of production and
processing technology. It is important to reduce the cost of
microalgal biomass production. Under mixotrophic condi-
tions based on wastewater media, microalgae may bring flex-
ibility to improve production economics while generating
valuable products (Lowrey et al. 2015). Organic carbon
sources like glucose or acetate are usually costly and are re-
sponsible for most of the medium costs. A cheap industrial by-
product, such as molasses, could be used as a low-cost medi-
um supplement to reduce the costs of microalgal biomass
production. In addition, the technology of microalgal cultur-
ing is becoming greener (Yan et al. 2011; Mitra et al. 2012).
Molasses is a by-product in a sugar industry consisting of
approximately 50% of total sugars, predominantly sucrose,
but containing significant amounts of reducing sugars—glu-
cose and fructose and other carbohydrates (Polish Standard
PN-R-64772, PN-ISO 6496:2002). The non-sugar content in-
cludes many metal ions, such as calcium, magnesium, potas-
sium, sodium, iron, and cooper (Liu et al. 2012). It is also a
source of nitrogen. Until now, molasses has been reported as a
carbon source for the production of Botryococcus braunii,
Scenedesmus obliquus, Auxenochlorella protothecoides
(Chlorella protothecoides), Chromochloris zofingiensis
(Chlorella zofingiensis), and Chlorella minutissima biomass
for astaxanthin or biodiesel production (Yan et al. 2011; Liu
et al. 2012; El-Sheekh et al. 2013; Gautam et al. 2013; Liu
et al. 2013; Yeesang and Cheirsilp 2014).
Parachlorella kessleri is a green alga with cells capable of
utilizing organic carbon sources such as glucose (Wang et al.
2012), ethanol, and glycerol (Wang et al. 2013). This makes
P. kessleri a great candidate for photoheterotrophic and
mixotrophic cultivation that offers great potential in the pro-
duction of microalgal renewable biomass for biodiesel pro-
duction and for different applications. To our knowledge,
there is no reported study investigating the use of molasses
for P. kessleri culturing.
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Microalgal biomass production for biodiesel also could be
combined with production of other valuable compounds,
which may contribute to a direct reduction of costs.
Combined production of oil and other bioactive products pro-
vides environmental and economic sustainability of
microalgal technology (Bellou et al. 2014). The cited authors
have reviewed the existing literature and presented polysac-
charides, proteins, and pigments as high-value metabolites in
combining oil production for commercial applications, espe-
cially animal feed, aquaculture (fish feed), and pharmaceutical
and nutraceutical products.
The objective of the present study was to investigate the
influence of the addition of molasses to the culture medium on
P. kessleri growth, biomass composition, and calorific value.
Additionally, the work was intended to determine the potential
of the agro-industrial by-product as an alternative culture me-
dium component that guarantees production of more than one
compound from P. kessleri biomass.
Material and methods
Microalgal strain, culture medium, and inoculum
preparation
The initial Parachlorella kessleri strain was obtained from the
Culture Collection of Autotrophic Organisms (CCALA) at the
Charles University in Prague. Kessler medium was used as a
basic medium. The Kessler medium (Kessler and Czygan
1970) was prepared on distilled water and was composed of
(per litre) 0.81 g KNO3, 0.47 g NaCl, 0.47 g NaH2PO4·2H2O,
0.36 g Na2HPO4·12H2O, 0.25 g MgSO4·7H2O, 0.014 g
CaCl2·2H2O, 0.006 g FeSO4·7H2O, 0.0005 g MnCl2·4H2O,
0.0005 g H3BO3, 0.0002 g ZnSO4·7H2O, 0.00002 g
(NH4)6Mo7O24·4H2O, and 0.008 g EDTA. In order to prepare
the pre-culture, the liquid Kessler medium was inoculated
from a 2% agar plate. Pre-culture was incubated in
25 ± 1 °C for 10 days under continuous illumination
(80 μmol photons m−2 s−1) in 50-mL Erlenmeyer flasks and
agitated at 100 rpm. The pre-culture was used as an inoculum
in the experiment.
Culture conditions
The effect of the application of beet molasses in culture me-
dium on the growth and biochemical composition of
P. kessleri biomass was studied. The experimental variants
included autotrophic cultivation of (KA), photoheterotrophic
cultivation of (KM), and mixotrophic cultivation of (KMA).
The control culture/air-limited autotrophic cultivation (K) was
prepared by inoculating fresh Kessler medium. This control
culture for P. kessleri cultivation was not supplied with any
carbon source. For autotrophic conditions, the Kessler
medium was constantly aerated. Waste beet molasses was ob-
tained from a local sugar refinery (Lublin Province, Poland).
To prepare photoheterotrophic and mixotrophic conditions,
10 g L−1 molasses was rinsed with demineralised water twice
before adding to the Kessler medium and sterilized.
Cultivation was carried out in four variants marked sequen-
tially as K (control), KA (Kessler medium with aeration), KM
(Kessler medium with molasses), and KMA (Kessler medium
with molasses and aeration). The P. kessleri cells were culti-
vated in 3-L photobioreactors (BIOSTAT PBR 2S Sartorius
Stedim Biotech). The cultures were continuously illuminated
by f luo re scen t l amps . The l igh t in t ens i ty was
80 μmol photons m−2 s−1 at 25 ± 1 °C. The KA and KMA
cultures were continuously aerated with sterile air at 12 L h−1
airflow.
Growth measurements and biomass determination
Cell density was measured daily using UV/visible spectropho-
tometry (Cary 300/Biomelt spectrophotometer). Based on the
presence of chlorophyll in viable cells, the optical density was
measured at 650 nm. The correlation between dry cell weight
(DCW, g L−1) and optical density (OD650) is represented by
Eq. 1.
DCW ¼ 372:21 OD650−9:1591;R2 ¼ 0:9968 ð1Þ
The specific growth rate (0–3 days) was calculated using
the following formula (Eq. 2) (Krzemińska et al. 2014):
μ d−1
  ¼ ln N2=N 1ð Þ= T2−T1ð Þ ð2Þ
where N1 is the initial optical density measured at 650 nm, N2
is the final optical density measured at 650 nm, T1 is the initial
time of cultivation, and T2 is the final time of cultivation.
Biomass doubling time (0–72 h) was calculated on the
basis of the specific growth rate (Yadavalli et al. 2010).
Biomass yield is expressed in DCW gram per litre.
Biomass productivity and compound productivity are
expressed in DCW gram per litre per day.
The P. kessleri biomass was harvested by centrifugation
after 12 days of cultivation and used for biochemical analysis.
Lipid extraction
The determination of the oil content was carried out following
a modified version of the Bligh and Dyer method (Bligh and
Dyer 1959) described by Piasecka et al. (2014).
Carbohydrate determination
Total simple sugars were estimated colourimetrically
based on the anthrone method described by Trevelyan
and Harrison (1952). The carbohydrate content of
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P. kessleri biomass can be measured by hydrolysing poly-
saccharides into simple sugars by acid hydrolysis and es-
timating the resultant monosaccharide. In hot acidic me-
dium, glucose is dehydrated to hydroxymethyl furfural.
This compound forms anthrone with a green-coloured
product with an absorption maximum at 620 nm. The ab-
sorbance was measured at a wavelength of 620 nm, and
the value of absorbance was compared with the glucose
standard curve.
Protein determination
The Kjeldahl method is a technique allowing measurement of
the crude protein content in lyophilized material. Lyophilized
microalgal biomass was subjected to digestion in sulphuric
acid in the presence of a catalyst (Kjeltabs). Distillation was
prepared in a distillation unit (Behr Labor-Technik GmbH).
The amount of ammonia was determined by titration with a
standard solution of 0.1 M HCl. The protein content of the
lyophilized biomass of the microalgae was determined by the
Kjeldahl method using the nitrogen-to-protein (N:P) conver-
sion factor 5.95 (López et al. 2010).
Analysis of fatty acids
The fatty acid analysis was performed by preparing fatty acid
methyl esters (FAME) with BF3 in methanol and analysed by
gas chromatography as described by Piasecka et al. (2014) and
Krzemińska et al. (2015).
Calorific value
The calorific value was determined using a semi-
automatic bomb calorimeter (LECO AC600). The lyoph-
ilized algal biomass was combusted in the calorimeter,
and benzoic acid was used as a calorific standard ac-
cording to Oleszek et al. (2016).
Statistical analyses
Each culture variant was performed in three biological
replicates. Statistical analyses were carried out using
STATISTICA 12 (StatSoft Inc., USA). To determine
the effect of the feeding strategy on the productivities,
growth parameters, and total oil, protein, carbohydrate,
and FAME content, as well as the calorific value, two-
factor analysis of variance was used; p values below
0.05 were considered significant, and next, the post
hoc Tukey’s HSD test was used.
Results
Growth characteristics of P. kessleri
Figure 1 shows growth curves of P. kessleri for the control
variant in the experiment (K) and three experimental variants:
KA, KM, and KMA. The type of culture conditions significant-
ly influenced microalgal growth and the length of the growth
phase (Fig. 1). No obvious phases were observed in the control
variant of the experiment (K culture). In the autotrophic culture
conditions (KA), the growth curve showed a longer lag phase
compared with photoheterotrophic (KM) and mixotrophic
(KMA) cultures. Aeration in the KA culture allowed the algae
to grow in the logarithmic growth phase, so no other phases
were observed in the KA culture. In the KM culture, the growth
curve showed three distinct phases of growth: the lag, log, and
stationary phases with a noticeable slowdown. In the KMA
culture with aeration, lag and log phases were observed. As in
the case of the KA culture, no growth slowdown and stationary
phase were noticed in the KMA culture conditions.
The specific growth rate of P. kessleri for all feeding strat-
egies is shown in Fig. 2. It was observed that during the first
3 days of cultivation, P. kessleri exhibited the highest specific
growth rate. The specific growth rate exhibited a downward
trend through the exponential growth phase.
The type of cultivation significantly influenced the biomass
yield, biomass productivity, specific growth rate, and biomass
doubling time (Table 1). The lowest biomass yield was ob-
served in the K culture (0.77 g L−1). The autotrophic and
























Fig. 1 Growth curves of Parachlorella kessleri cultured under control
(K), autotrophic (KA), photoheterotrophic (KM), and mixotrophic
(KMA) culture conditions (the results are presented as the means of
n = 9 measurements from three biological replicates; error bars
represent standard deviation)
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and threefold higher biomass yield than in the control condi-
tions, respectively. The mixotrophic cultivation with aeration
guaranteed an almost sevenfold increase in the biomass yield
of the P. kessleri. In the KMA culture of P. kessleri, after
12 days of cultivation, maximum biomass yield and biomass
productivity reached 5.10 and 0.42 g L−1 day−1, respectively.
The growth parameters differed significantly depending on
the conditions used for the cultivation (Table 1). The maxi-
mum specific growth rate (μ = 0.80 day−1) was obtained under
the mixotrophic growth (KMA), and the minimum specific
growth rate (μ = 0.19 day−1) was achieved under the control
conditions (K). In addition, the biomass doubling time was
shortened from 86 h in the control conditions to 21 h under
the mixotrophic culture conditions.
Biochemical composition of the biomass and productivity
of cell components
The composition of P. kessleri biomass and biomass yield
(g L−1) are summarized in Fig. 3. To enable a comparison with
literature, our results also are converted to daily productivity
of compounds in milligrams per litre per day (Table 2).
Crude oil content and oil yield in P. kessleri biomass from



























Fig. 2 Dynamics of the specific growth rate during the Parachlorella
kessleri cultivation (the results are presented as the means of n = 9
measurements from three biological replicates; error bars represent
standard deviation)
Table 1 Summary of growth
parameters of Parachlorella






K KA KM KMA
Biomass yield (g L−1) 0.77 ± 0.07 3.31 ± 0.32 2.24 ± 0.05 5.10 ± 0.69
Biomass productivity (g L−1 day−1) 0.07 ± 0.01 0.28 ± 0.03 0.19 ± 0.00 0.42 ± 0.06
Specific growth rate 0–3 (day−1) 0.19 ± 0.00 0.32 ± 0.02 0.68 ± 0.07 0.80 ± 0.01
Biomass doubling time 0–72 (h) 86.2 ± 0.4 52.1 ± 2.6 24.9 ± 3.1 21.0 ± 0.3
Data are expressed as mean ± standard deviation of nine replicates
Fig. 3 Effect of different feeding strategies on the biochemical
composition and oil (a), protein (b), and carbohydrate productivity (c)
(mg L−1) of P. kessleri (the results are presented as the means of n = 9
measurements from three biological replicates; error bars represent
standard deviation)
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The maximum oil content (31.4%) was observed in autotro-
phic conditions. Photoheterotrophic cultivation with molasses
and the mixotrophic cultivation with molasses and aeration
yielded the total oil content of 30.6 and 26.4% dry cell weight,
respectively. No significant difference (p > 0.05) was ob-
served between accumulation of oil under KA, KM, and
KMA conditions compared with the control conditions.
Based on the biomass yield (g L−1) and the percentage of
oil, the oil yield (mg L−1) was determined (Fig. 3a). Our find-
ings showed that the oil productivity ofP. kessleri ranged from
a little as 15.67 mg L−1 day−1 for the control conditions to
112.56 mg L−1 day−1 for the KMA conditions.
The molasses-supplemented culture (KM) showed a signif-
icant increase in the protein content compared to the control
conditions (Fig. 3b). The highest protein content (57.7%) was
obtained in the KMA culture. In contrast, carbohydrate con-
tent decreased significantly from 19.4% (control conditions)
to 12.8 and 12.0% for the KM andKMA cultures, respectively
(Fig. 3c). The highest percentage of protein in P. kessleri bio-
mass combined with the highest biomass yield resulted in the
maximum protein productivity of 244.9 mg L−1 day−1 for the
KMA conditions.
Fatty acid profile with saturated, monounsaturated,
and polyunsaturated fatty acid content
The fatty acid composition of P. kessleri from the control and
each culture condition is summarized in Table 3. Lipids were
mainly composed of C16 and C18 fatty acids under all testing
conditions independent of the type of cultivation. C16 and C18
represented more than 80% of total fatty acids in the K and KA
culture conditions and more than 70% of total fatty acids in the
molasses-based culture conditions. Depending on the feeding
strategy, P. kessleri cells displayed different values of the per-
centage of saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), and polyunsaturated fatty acids (PUFA) as well
as the percentage of individual fatty acids. The highest content
of SFA (33.86%) was observed in the control conditions. The
cultures grown on the molasses-based medium with aeration
were rich in monounsaturated fatty acids (26.86%). The highest
content of PUFA (42.83%) was in the autotrophic culture con-
ditions. As shown in Table 3, in the control culture conditions,
the percentages of palmitic acid (C16:0), linoleic acid (C18:2),
oleic acid (C18:1), linolenic acid (C18:3), stearic acid (C18:0),
and palmitoleic acid (C16:1) in total fatty acids were 23.38,
Table 3 Fatty acid profile of
Parachlorella kessleri cultured
under control (K), autotrophic
(KA), photoheterotrophic (KM),
and mixotrophic (KMA) culture
conditions
FAME (%) Type of cultivation
K KA KM KMA
C16:0 23.38 ± 4.41 18.31 ± 0.97 17.01 ± 2.97 21.31 ± 1.42
C16:1 1.10 ± 0.00 1.03 ± 0.54 2.26 ± 0.33 2.79 ± 0.28
C18:0 10.48 ± 3.88 4.01 ± 0.55 3.19 ± 0.90 5.12 ± 1.12
C18:1 17.81 ± 4.40 17.51 ± 3.70 16.55 ± 1.28 17.52 ± 0.18
C18:2 20.53 ± 5.72 28.81 ± 1.48 23.25 ± 2.24 17.13 ± 0.52
C18:3 15.87 ± 5.37 14.02 ± 3.30 8.60 ± 0.96 7.05 ± 0.28
Total C16-C18 88.26 ± 5.07 83.51 ± 2.46 70.86 ± 3.01 70.92 ± 0.69
Others 11.74 ± 5.07 16.49 ± 2.46 29.14 ± 3.01 29.08 ± 0.69
SFAa 33.86 ± 6.65 22.32 ± 1.25 20.20 ± 3.48 26.43 ± 1.20
MUFAb 18.00 ± 4.29 18.36 ± 3.80 18.81 ± 1.55 26.86 ± 5.90
PUFAc 36.41 ± 4.15 42.83 ± 3.94 31.86 ± 3.00 24.17 ± 0.63
Data are expressed as mean ± standard deviation of six replicates
a Unsaturated fatty acids among total C16-C18
bMonounsaturated fatty acids among total C16-C18
c Polyunsaturated fatty acids among total C16-C18
Table 2 Production of oil, carbohydrate, and protein expressed as daily productivity
Type of cultivation
K KA KM KMA
Daily oil productivity (mg L−1 day−1) 15.67 ± 1.39 86.71 ± 8.36 57.07 ± 1.40 112.56 ± 15.29
Daily carbohydrate productivity (mg L−1 day−1) 12.51 ± 1.11 57.09 ± 5.50 23.87 ± 0.59 50.97 ± 6.92
Daily protein productivity (mg L−1 day−1) 23.40 ± 2.08 109.62 ± 10.56 105.38 ± 2.59 244.95 ± 33.28
Data are expressed as mean ± standard deviation of nine replicates
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20.53, 17.81, 15.87, 10.48, and 1.1%, respectively. The level of
C18:1 remained unchanged under all culture conditions.
Under the KA culture conditions, it was observed that aeration
did not alter the fatty acid profile significantly compared to the
control. Molasses addition induced changes in the C16:1,
C18:0, C18:2, and C18:3 content (p < 0.05), while molasses
addition with aeration had a significant influence on changes
in the C16:0, C18:0, and C18:2 content (p < 0.05). When
molasses was supplemented, the content of palmitic acid,
stearic acid, and linolenic acid decreased and this was accom-
panied with an increased content of palmitoleic acid and
linoleic acid. When molasses with aeration was used, higher
levels of palmitoleic acid and lower amounts of palmitic,
stearic, linoleic, and linolenic acids were observed compared
with the control conditions.
The calorific value of cell biomass
The calorific value of algal biomass was analysed for all four
media (Fig. 4). The type of cultivation had a significant influ-
ence on the biomass calorific value (p < 0.05). The P. kessleri
biomass was characterized by a relatively low calorific value
(11.4 MJ kg−1) under the control conditions. The maximal
calorific value (22.3 MJ kg−1) was achieved in the molasses-
based medium, very similar to that of the KMA culture
(22.1 MJ kg−1).
Discussion
Growth of microalgae and the length of the growth phase
depended on nutrient availability and depletion as well as
formation of new cells in the culture medium. The lack of
available nutrients required for algal growth in the culture
medium, as in the control variant of the experiment, resulted
in poor algal growth. Continuous supply of the substrate by
aeration in both of KA and KMA cultures supported algal
growth and caused absence of the stationary phase. In turn,
the presence of an organic carbon source in KM and KMA
shortened the lag phases. Organic carbon sources are metab-
olized quickly and provide instant energy to the microalgal
cells that can be utilized for the growth (Dubey et al. 2015).
The KM culture shows a typical pattern of growth for a batch
culture.
Application of the molasses at a concentration less than
20 g L−1 seemed to be appropr ia te . Dur ing the
photoheterotrophic cultivation with molasses (KM), the yield
of P. kessleri biomass was 2.24 g L−1. Yeesang and Cheirsilp
(2014) studied the effect of sugar cane molasses on
Botryococcus braunii. In their experiment, they found that
the optimal molasses concentration was 15 g L−1, which re-
sulted in the highest biomass yield at day 15 of cultivation
(3.05 g L−1). In their study, increased amounts of molasses
up to 20 g L−1 decreased the biomass yield. The growth of
P. kessleri in the medium containing molasses (KM) may be
governed by the heterotrophic metabolism. This may be ex-
plained by ineffective light penetration during cultivation of
microalgae on the molasses-based culture medium (Yeesang
and Cheirsilp 2014). El-Sheekh et al. (2013) studied the effect
of sugar cane molasses on Scenedesmus obliquus in similar
environmental conditions (enrichment of Kessler medium
withmolasses; light intensity, 100μmol photons m−2 s−1; tem-
perature, 25 ± 1 °C). At 5 g L−1 molasses, they reported a
biomass productivity of 0.292 g L−1 day−1. Molasses also
can be used by other species of green algae. Yan et al.
(2011), Liu et al. (2012), and Gautam et al. (2013) reported
that molasses and molasses hydrolysate could support rapid
growth of Auxenochlorella protothecoides, Chlorella
zofingiensis, and Chlorella minutissima, respectively. The
production of P. kessleri biomass was stimulated by molasses
or aeration. Supplementation of the culture medium with mo-
lasses with simultaneous aeration caused maximal stimulation
of growth. When simultaneously provided with light, CO2,
and an organic carbon source in the mixotrophic culture con-
ditions, the culture reached the maximum final biomass con-
centration (Yang et al. 2000). According to Villarejo et al.
(1995), the presence of an organic carbon source in culture
medium can change both photosynthesis and heterotrophic
metabolism of Chlorella species. This could be explained by
the observations of Marquez et al. (1993), who found that
under growth with glucose in light, light and the organic car-
bon source fulfil the same role in the growth and cellular
composition of microalgae. They reported that heterotrophic
growth and photosynthesis might occur simultaneously and
independently in Spirulina cultures. Our results indicate that






















Fig. 4 Calorific value of P. kessleri cultured under control (K),
autotrophic (KA), photoheterotrophic (KM), and mixotrophic (KMA)
culture conditions (the results are presented as the means of n = 9
measurements from three biological replicates; error bars represent
standard deviation)
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achieved using molasses, a by-product of sugar refinery, as a
carbon source and simultaneous aeration.
The type of nutrition causes changes in the kinetics of
population growth of P. kessleri but does not modify the lipid
content of cells. No difference in lipid content was observed
between control and all variants of the experiment. Yeesang
and Cheirsilp (2014) reported a 36.9% lipid content in culti-
vation ofB. braunii at 15 g L−1 molasses concentration. To our
knowledge, there is no published data on the use of molasses
and simultaneous application of aeration and the influence of
these culture conditions on the lipid content in any microalgal
species. Our results suggested that the culture conditions ap-
plied were favourable and did not cause accumulation of lipids
due to stress. Oil-rich green algae grown under optimal
growth conditions exhibit an average total lipid content of
25.5% dry cell weight (Hu et al. 2008). Additionally, it is
known that nitrogen-deficient media should be used during
the cultivation in order to achieve lipid accumulation in the
biomass of microorganisms (Ratledge 2004). It can be as-
sumed that the molasses supplementation with/without aera-
tion ensured beneficial environmental conditions not resulting
in an increase in the oil yield due to the effect of the nitroge-
nous content of molasses. A critical parameter which deter-
mines the microalgal biomass suitability for production of
algal-based biofuel is oil productivity (Griffiths and Harrison
2009). This parameter is strongly dependent on both biomass
yield and oil content; however, a more dominant correlation
was observed between lipid productivity and biomass
productivity. Griffiths and Harrison (2009) reported that aver-
age lipid productivity for tested species from literature was
50 mg L−1 day−1. In their review, the authors reported that
Amphora, Neochloris oleoabundans, and Ankistrodesmus
falcatus were the most productive species. The oil productiv-
ity for these species ranged from 109 to 160 mg L−1 day−1.
Our results highlight the potential of P. kessleri cultivated on
molasses-based medium with aeration, which ensures high oil
productivity; hence, Parachlorella is ranked among
microalgal species with the highest oil productivity. It is of
key importance for microalgal species selection for lipid pro-
duction to present the oil content in relation to the specific
growth rate and the biomass yield (Griffiths and Harrison
2009). Parachlorella kessleri characterized by rapid growth
on molasses-based medium may exhibit greater lipid produc-
tivity than microalgae with a very high oil content.
Molasses is not only a source of sugar but it is also a rich
source of nitrogen. The average amount of total nitrogen in
beet molasses coming from national sugar factories is 1.8%
(Polish Standard PN-R-64772, PN-ISO 6496:2002). Nitrogen
is a very important constituent of protein synthesis and takes
part in cell division and growth. During N deprivation,
microalgal metabolism is redirected from proteosynthesis to-
wards lipid and starch accumulation (storage compounds)
(Adams et al. 2013; Procházková et al. 2014). In our
experiment, N repletion occurred under molasses supplemen-
tation and yielded maximum protein accumulation in
P. kessleri biomass, in both the KM and KMA types of culture
conditions. Additionally, the presence of molasses in the cul-
ture media (KM and KMA cultures) caused a decrease in
carbohydrate content. Griffiths (1965) found that molasses
stimulated the protein production in the cultivation of
Scenedesmus. Our results showed that the use of molasses-
supplemented medium with/without simultaneous aeration
allowed obtaining two valuable components (oil and protein)
with high productivities from the biomass. Microalgal bio-
mass has the potential to be an important and sustainable re-
newable energy feedstock for biodiesel production. A more
suitable and economically feasible process of microalgal lipid
production can be achieved by combining lipid production
with other applications. In order to develop a more sustainable
process, all compounds (lipids, proteins, and carbohydrates)
originating from the microalgal biomass should be used
(Wijjfels et al. 2010; Bellou et al. 2014). Parachlorella
kessleri biomass grown in molasses-based medium may find
application not only in biofuel production but also in human
and animal nutrition (feed additives), cosmetics, organic farm-
ing (fertilizers), and pharmaceuticals because of its high pro-
tein content and high biomass and protein productivity. In
addition, the use of the low-cost agricultural by-product in
mixotrophic and photoheterotrophic cultures of microalgae
is of great importance especially in reducing the cost of bio-
mass production.
In the Chlorophyceae, the major fatty acids are palmitic
acid (C16:0) and oleic acid (18:1). The polyunsaturated fatty
acids include linoleic acid (C18:2) and linolenic (C18:3). In
general, saturated and monounsaturated fatty acids are pre-
dominant in most algae examined in the literature (Hu et al.
2008). Wang et al. (2013) found that Chlorella kessleri bio-
mass under mixotrophic culture conditions accumulated most-
ly C16 and C18, which represented more than 95% of total
FAME. The amount of FAME was always higher for low
nitrogen and phosphate concentration cultures compared to
medium with high nutrient concentrations (Lin and Lin
2011). The composition and structure of fatty acid methyl
esters determine the most important properties of biodiesel.
The results in this paper show that the fatty acid composition
is similar to that of diesel fuel, mainly consisting of long-chain
fatty acids (C16 and C18), which are most preferable for bio-
diesel fuel. However, a higher content of total FAME ensures
hydrating and stabilizing properties, which improve the qual-
ity of biodiesel (Knothe 2005, 2013). The addition of molas-
ses to the culture medium changed the yield and composition
of FAME. Generally, the photoheterotrophic and mixotrophic
cultures of P. kessleri contained lower contents of polyunsat-
urated fatty acids, which is recommended for biodiesel.
Biodiesel produced from biomass enriched with polyunsatu-
rated fatty acids tends to have instability problems during
J Appl Phycol
storage (Hu et al. 2008). When molasses was supplemented to
the culture media, low linolenic acid content was observed.
The total content of C18:3 decreased from 15.87% (control
conditions) to 8.60 and 7.05%, respectively, for the KM and
KMA cultures. These results met high quality standards com-
plying with the specification requirements of EN 14214.
Similar results were obtained by Wang et al. (2013), who also
indicated mixotrophic C. kessleri growing under different car-
bon sources as a future industrial biodiesel producer.
The calorific value is a parameter that determines the energy
potential of cell biomass. For the KM and KMA cultures, the
P. kessleri biomass achieved maximal calorific value. The main
contribution to the calorific value of microalgal cells is derived
from first of all their lipid (9.4 kcal), next protein (5.65 kcal), and
finally carbohydrate (4.2 kcal) content (Cleveland and Morris
2013). A calorific value between 18 and 21 kJ g−1 is character-
istic for microalgae with the total oil content of 20–30% grown
under normal conditions (Scragg et al. 2002). Summarizing, the
calorific value is another parameter beyond the lipid and protein
content that indicates KM and KMA culture conditions as opti-
mal for P. kessleri cultivation.
In conclusion, the supplementation of the medium with beet
molasses as an organic carbon source in the photoheterotrophic
andmixotrophic cultivation significantly affectedP. kessleri bio-
mass growth, oil and protein productivity, fatty acid profile, and
calorific value. The results showed that application of molasses
makes P. kessleri cultivation economically favourable given the
use of a cheap carbon source replacing glucose. Our study high-
lights the potential of algal biomass, especially in production of
oils for biodiesel in combination with production of other meta-
bolic compounds having application in various bioeconomy
sectors.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.
References
Adams C, Godfrey V, Wahlen B, Seefeldt L, Bugbee B (2013)
Understanding precision nitrogen stress to optimize the growth
and lipid content trade off in oleaginous green microalgae.
Bioresour Technol 131:188–194
Bellou S, Baeshen MN, Elazzazy AM, Aggeli D, Sayegh F, Aggelis G
(2014) Microalgal lipids biochemistry and biotechnological per-
spectives. Biotechnol Adv 32:1476–1493
Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and
purification. Can J Biochem Phys 37:911–917
Cleveland JC, Morris C (eds.) (2013) Handbook of energy. Volume I:
diagrams, charts and tables, Elsevier, UK
Dubey KK, Kumar S, Dixit D, Kumar P, Kumar D, Jawed A, Haque S
(2015) Implication of industrial waste for biomass and lipid produc-
tion in Chlorella minutissima under autotrophic, heterotrophic and
mixotrophic grown conditions. Appl Biochem Biotechnol 176:
1581–1595
El-Sheekh M, Abomohra AE, Hanelt D (2013) Optimization of biomass
and fatty acid productivity of Scenedesmus obliquus as a promising
microalga for biodiesel production. World J Microbiol Biotechnol
29:915–922
Gautam K, Pareek A, Sharma DK (2013) Biochemical composition of
green alga Chlorella minutissima in mixotrophic cultures under the
effect of different carbon sources. J Biosci Bioeng 116:624–627
Griffiths DJ (1965) The accumulation of carbohydrate in Chlorella
vulgaris under heterotrophic conditions. Ann Bot 115:347–357
Griffiths MJ, Harrison STL (2009) Lipid productivity as a key for choos-
ing algal species for biodiesel production. J Appl Phycol 21:493–
507
Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert M,
Darzins A (2008) Microalgal triacylglycerols as feedstocks for bio-
fuel production: perspectives and advances. Plant J 54:621–639
Kessler F, Czygan FC (1970) Physiological and biochemical contribu-
tions to the taxonomy of the genus Chlorella. Utilization of organic
nitrogen compounds. Arch Microbiol 70:211–216
Knothe G (2005) Dependence of biodiesel fuel properties on the structure
of fatty acid alkyl esters. Fuel Process Technol 86:1059–1070
Knothe G (2013) Production and properties of biodiesel from algal oils.
In: Borowitzka MA, Moheimani NR (eds) Algae for biofuels and
energy. Springer, Dordrecht, pp 207–221
Krzemińska I, Pawlik-Skowrońska B, Trzcińska M, Tys J (2014)
Influence of photoperiods on the growth rate and biomass produc-
tivity of green microalgae. Bioproc Biosyst Eng 37:735–741
Krzemińska I, Piasecka A, Nosalewicz A, Simionato D,Wawrzykowski J
(2015) Alterations of the lipid content and fatty acid profile of
Chlorella protothecoides under different light intensities.
Bioresour Technol 196:72–77
Lin Q, Lin J (2011) Effects of nitrogen source and concentration on
biomass and oil production of a Scenedesmus rubescens like
microalga. Bioresour Technol 102:1615–1621
Liu J, Huang J, Jiang Y, Chen F (2012) Molasses-based growth and
production of oil and astaxanthin by Chlorella zofingiensis.
Bioresour Technol 107:393–398
Liu J, Sun Z, Zhong Y, Gerken H, Huang J, Chen F (2013) Utilization of
cane molasses towards cost-saving astaxanthin production by a
Chlorella zofingiensis mutant. J Appl Phycol 25:1447–1456
López CGV, García MCC, Fernández FGA, Bustos CS, Chisti Y, Sevilla
JMF (2010) Protein measurements of microalgal and cyanobacterial
biomass. Bioresour Technol 101:7587–7591
Lowrey J, BrooksMS,McGinn PJ (2015) Heterotrophic and mixotrophic
cultivation of microalgae for biodiesel production in agricultural
wastewaters and associated challenges—a critical review. J Appl
Phycol 27:1485–1498
Marquez FJ, Sasaki K, Kakizono T, Nishio N, Nagai S (1993) Growth
characteristics of Spirulina platensis in mixotrophic and heterotro-
phic conditions. J Ferment Bioeng 5:408–410
Mitra D, van Leeuwen JH, Lamsal B (2012) Heterotrophic/mixotrophic
cultivation of oleaginous Chlorella vulgaris on industrial co-prod-
ucts. Algal Res 1:40–48
Oleszek M, Tys J, Wiącek D, Król A, Kuna J (2016) The possibility of
meeting greenhouse energy and CO2 demands through utilisation of
cucumber and tomato residues. Bioenerg Res 9:624–632
Piasecka A, Krzemińska I, Tys J (2014) Physical methods of microalgal
biomass pretreatment. Int Agrophys 28:341–348
Procházková G, Brányiková I, Zachleder V, Brányik T (2014) Effect of
nutrient supply status on biomass composition of eukaryotic green
microalgae. J Appl Phycol 26:1359–1377
J Appl Phycol
Ratledge C (2004) Fatty acids biosynthesis in microorganisms being used
for single cell oil production. Biochimie 86:807–815
Scragg AH, Illman AM, Carden A, Shales SW (2002) Growth of
microalgae with increased calorific values in a tubular bioreactor.
Biomass Bioenerg 23:67–73
Trevelyan WE, Forrest RS, Harrison JS (1952) Determination of yeast
carbohydrates with the anthrone reagent. Nature 170:626–627
Villarejo A, Orús MI, Martínez F (1995) Coordination of photosynthetic
and respiratory metabolism in Chlorella vulgaris UAM 101 in the
light. Physiol Plant 94:680–686
Wang Y, Chen T, Song Q (2012) Heterotrophic cultivation of Chlorella
kessleri for fatty acids production by carbon and nitrogen supple-
ments. Biomass Bioenerg 47:402–409
Wang Y, Chen T, Song Q (2013) Differential fatty acid profiles of
Chlorella kessleri grown with organic materials. J Chem Technol
Biotechnol 88:651–657
Wijffels RH, Barbosa MJ, Eppink MHM (2010) Microalgae for the pro-
duction of bulk chemicals and biofuels. Biofuel Bioprod Bior 4:
287–295
Yadavalli R, Rao CS, Reddy DC, Sivasai KSR, Rao SR (2010) Effect of
different culture media on cell concentrations of Chlorella pyrenoidosa
under photoautotrophic conditions. Int J Nat Eng Sci 4:47–51
Yan D, LuY, ChenYF, QingyuW (2011)Waste molasses alone displaces
glucose-based medium for microalgal fermentation towards cost-
saving biodiesel production. Bioresour Technol 102:6487–6493
Yang C, Hua Q, Shimizu K (2000) Energetics and carbon metabolism
during growth of microalgal cells under photoautotrophic,
mixotrophic and cyclic light-autotrophic/dark-heterotrophic condi-
tions. Biochem Eng J 6:87–102
Yeesang C, Cheirsilp B (2014) Low-cost production of green microalga
Botryococcus braunii biomass with high lipid content through
mixotrophic and photoautotrophic cultivation. Appl Biochem
Biotechnol 174:116–129
J Appl Phycol
